Before t h e demonstrations i n t h e TVS can t a k e p l a c e , a s u r r o g a t e sludge v i t r i f i c a t i o n demonstration had t o be performed i n t h e EV-16 m e l t e r l o c a t e d a t t h e DOE/Industrial Center f o r V i t r i f i c a t i o n Research (Center) a t t h e Environmental S y s t e m s Engineering Department a t Clemson U n i v e r s i t y . During t h e demonstration a t t h e
Center, a 50 w t % B&C sludge g l a s s composition was tested t o determine any p r o c e s s i n g problems. A t o t a l of 1510 pounds (686 kg) of g l a s s were produced from 9328 pounds ( 4 2 4 0 kg) of s u r r o g a t e f e e d . The r e s u l t i n g g l a s s product was homogeneous and very d u r a b l e .
I N T R O D U C T I O N
The MWFA of t h e Department of Energy (DOE) -O f f i c e of Technology Development (OTD) i s r e s p o n s i b l e f o r developing t e c h n o l o g i e s f o r c h a r a c t e r i z i n g , s e g r e g a t i n g , s o r t i n g , and t r e a t i n g DOE LLMW. They have c h a r t e r e d t h e SRTC t o i n v e s t i g a t e v i t r i f i c a t i o n t r e a t m e n t of t h e s e wastes. As p a r t of S R T C ' s e f f o r t s , t h e MWFA r e q u e s t e d t h e development of a t r a n s p o r t a b l e system which would be a b l e t o be shipped between DOE WSRC-TR-96-0200, Rev.0
s i t e s and u s e d t o prove t h e v i a b i l i t y of v i t r i f i c a t i o n f o r LLMW on a f i e l d -s c a l e . I n September 1993, t h e SRTC p a r t i c i p a t e d i n an Economic Development forum t o s o l i c i t p r o p o s a l s from p r i v a t e i n d u s t r y f o r t h e design and c o n s t r u c t i o n of a TVS.
EnVitCo, I n c . was awarded t h e c o n t r a c t and f a b r i c a t i o n of t h e TVS was completed i n J u l y 1995. T h i s u n i t w i l l be c a p a b l e of t r e a t i n g s m a l l amounts of LLMW streams o r e n t i r e streams i f t h e y have a low volume ( < 5 0 , 0 0 0 k g ) .
Before any wastes a r e t r e a t e d i n t h e TVS, e i t h e r s u r r o g a t e o r a c t u a l waste t r e a t a b i l i t y s t u d i e s w i l l be performed on a bench and/or p i l o t s c a l e . Most s u r r o g a t e p i l o t -s c a l e s t u d i e s w i l l be performed a t t h e C e n t e r . A t t h e C e n t e r , a s m a l l e r EnVitCo m e l t e r , t h e EV-16, with complete f e e d and o f f g a s systems can be used t o demonstrate t r e a t m e n t of t h e optimum g l a s s composition. During t h e demonstrations, p r o c e s s i n g problems can be determined and c o r r e c t e d i n a c o s t e f f e c t i v e manner b e f o r e a c t u a l t r e a t m e n t i n t h e TVS. P o t e n t i a l o f f g a s p o l l u t a n t s and g l a s s inhomogeneities can a l s o be i d e n t i f i e d .
The stream selected f o r t h e i n i t i a l demonstration i n t h e TVS was t h e ORR K-25 B&C Pond s l u d g e . Approximately 2 3 , 0 0 0 kg of t h i s waste w i l l be t r e a t e d i n t h e TVS. Oak Ridge w i l l t h e n be a b l e t o d e c i d e whether v i t r i f i c a t i o n i s t h e b e s t a v a i l a b l e t r e a t m e n t and whether t h e waste should be t r e a t e d in-house o r by a commercial vendor.
A s u r r o g a t e of t h e K-25 B&C Pond s l u d g e was t e s t e d i n t h e EV-16 m e l t e r a t t h e C e n t e r . During t h e demonstration, a SRTC r u n p l a n , WSRC-RP-95-099l1, was used t o p r o v i d e o b j e c t i v e s , necessary q u a l i t y c o n t r o l s , g l a s s composition, and sampling r e q u i r e m e n t s .
WASTE DESCRIPTION
The ORR has been o p e r a t i n g s i n c e t h e 1940's i n support of n u c l e a r weapons p r o d u c t i o n f o r t h e U n i t e s S t a t e s government. During t h i s o p e r a t i o n , l a r g e q u a n t i t i e s of LLMW have been accumulated. A l a r g e p o r t i o n of t h e LLMW i s sludge t h a t needs t o be s t a b i l i z e d . One such sludge i s t h e ORR K-25 B&C Pond s l u d g e .
T h e K-25 B & C Pond s l u d g e i s a mixture of wastes from t h e K-1407-B and K-1 4 0 7 -C ponds. These ponds were used by t h e Oak Ridge Gaseous D i f f u s i o n P l a n t a s holding and s e t t l i n g ponds f o r s e v e r a l of t h e p l a n t ' s f a c i l i t i e s . The B pond was o p e r a t e d a s a flow-through s e t t l i n g and holding pond where c o a l p i l e runoff and f l y a s h w e r e added. C pond, on t h e o t h e r hand, was o p e r a t e d a s a t o t a l containment b a s i n t h a t r e c e i v e d sludge from B pond and o f f -g a s s c r u b b e r blowdown, ion-exchange r e s i n , c h l o r i d e s and f l u o r i d e s . 2 t h e s e ponds u s i n g cement based s t a b i l i z a t i o n . A f t e r t h i s , t h e s l u d g e from t h e ponds, which was i n t e r m i x e d w i t h dredged c l a y l i n e r , was placed i n t o s t e e l drums. The t o t a l i n v e n t o r y of s t a b i l i z e d drums i s about 45,000, while approximately 32,000 drums c o n t a i n u n s t a b i l i z e d s l u d g e . 2 A t o t a l i n v e n t o r y of approximately 26,500 m3 a r e c u r r e n t l y i n s t o r a g e a t t h e K-25 s i t e . 3 Up t o 1988, a t t e m p t s were made t o remediate WSRC-TR-96-0200, Rev.0 Some of these drums had been s t o r e d o u t s i d e , which l e d t o i n t e r n a l and e x t e r n a l c o r r o s i o n and e v e n t u a l l y l e a k a g e . This leakage r e s u l t e d i n Resource Conservation and Recovery A c t (RCRA) noncompliance. I n an attempt t o a l l e v i a t e t h e c o r r o s i o n problem, t h e grouted drums w e r e moved t o s t o r a g e i n p r o c e s s b u i l d i n g s , while many of t h e u n s t a b i l i z e d s l u d g e drums were overpacked. Attempts w e r e a l s o made t o a l l e v i a t e t h e leakage problems by repackaging t h e u n s t a b i l i z e d sludge drums.3
From a hazardous p e r s p e c t i v e , t h e s t a b i l i z e d and u n s t a b i l i z e d s l u d g e s were n o t C a l i f o r n i a l i s t e d waste n o r were t h e y c h a r a c t e r i s t i c a l l y hazardous, b u t t h e y c o n t a i n e d Environmental P r o t e c t i o n Agency ( E P A ) l i s t e d F006 waste ( d e r i v e d from p l a t i n g a c t i v i t i e s ) . However, t h e u n s t a b i l i z e d wastes f a i l e d t h e Land Disposal R e s t r i c t i o n (LDR) l i m i t s f o r n i c k e l and s i l v e r . Therefore, t h e u n s t a b i l i z e d sludge could not be d e l i s t e d a s i s because of t h e l e a c h i n g t h a t occurred u n d e r t h e T o x i c i t y C h a r a c t e r i s t i c Leaching Procedure (TCLP) c o n d i t i o n s .
S e v e r a l a n a l y s e s of t h e c o n t e n t s of t h e u n s t a b i l i z e d sludge from both ponds have been made. An e x t e n s i v e c h a r a c t e r i z a t i o n was performed i n 1985, while a more l i m i t e d sampling, which was s t a t i s t i c a l l y r e p r e s e n t a t i v e of t h e drummed wastes, was completed i n 1 9 9 2 . For t h e l a t e r s t u d y , 1 6 samples were taken from t h e B Pond drums, and 22 samples w e r e t a k e n from t h e C Pond d r u m s . A t t h e same t i m e t h a t t h e s e samples were being removed from t h e drums, t h e u l l a g e and t h e depth of f r e e l i q u i d s i n each d r u m w e r e a l s o checked. A w i d e range of m a t e r i a l t y p e s were encountered. These i n c l u d e d drums with approximately h a l f water and h a l f very f i n e t e x t u r e d sludge, drums w i t h mostly c l a y -l i k e s o i l w i t h no f r e e l i q u i d s , and drums w i t h d r y m a t e r i a l s c o n t a i n i n g l a r g e r o c k s .
A broad range of compositions were found. The ranges from b o t h of t h e s e sampling s c e n a r i o s a r e p r e s e n t e d i n Table 1 f o r wastes from each pond. S i g n i f i c a n t l e v e l s of anions ( c h l o r i d e s and s u l f a t e s ) were found i n t h e u n s t a b i l i z e d s l u d g e . 2
W.D. Bostick of t h e Oak Ridge N a t i o n a l Laboratory (ORNL) performed an a d d i t i o n a l c h a r a c t e r i z a t i o n of t h i s waste under t h e Mixed Waste I n t e g r a t e d Program (MWIP) i n 1993. The sample o b t a i n e d was u n s t a b i l i z e d sludge t h a t had been processed by thermal d r y i n g a t a nominal t e m p e r a t u r e of 10S°C. P r i n c i p a l components i d e n t i f i e d by X-Ray D i f f r a c t i o n (XRD) were q u a r t z , c a l c i t e , and small amounts of u n i d e n t i f i e d p h a s e s . I n a d d i t i o n , wet chemical a n a l y s e s w e r e a l s o performed on t h e sample t o determine t h e major and radiochemical c o n s t i t u e n t s . 3 knowledge t h a t c l a y w a s c o n t a i n e d i n t h e sludge, Bostick developed a r e c i p e f o r s i m u l a t e d B&C Pond waste. T h i s r e c i p e i s given i n Table 2 .
Based on a l l of t h e a n a l y t i c a l d a t a a v a i l a b l e and t h e The recommended pH f o r t h i s sludge was 8-11, w i t h l i m e being u s e d t o a d j u s t t h e f i n a l pH. No o r g a n i c compounds were suggested i n t h e s u r r o g a t e because t h e y w e r e not found i n B o s t i c k ' s a n a l y s e s . Suggested hazardous and r a d i o a c t i v e m a t e r i a l a d d i t i o n s were 1 , 1 0 0 pg/g of N i , 11 pg/g of Ag, 3,000 pg/g of Ce f o r U, and 0 . 2 pg/g of a s u r r o g a t e f o r Tc. Additional characterization was performed by Bostick, T.M. Gilliam of ORNL, and C.M. Jantzen of SRTC in 1995 to better define the actual composition. The principal components found were Ca and Si and the hazardous materials of concern were Cr and Ni. The radioactive materials found in the waste were U and Tc. The typical water content of this waste, as determined by Gilliam, was 8%. An additional 1 . 2 % was lost on drying (ignition) at 115OOC. These results confirm that the sludge was mostly oxides. Their estimate at a composition is listed in Table 3 . 
2.3
This composition w a s t r a n s m i t t e d t o t h e Center t o be u s e d i n t h e i r d e m o n s t r a t i o n s . A t t h e C e n t e r , c r u c i b l e s t u d i e s w e r e performed t o v e r i f y t h e p r o c e s s a b i l i t y of t h e g l a s s composition. These v e r i f i c a t i o n s t u d i e s proved t h a t a homogeneous g l a s s could be formed and poured a t 13OO0C.
EV-16 SYSTEM DESCRIPTION
The EV-16 m e l t e r i 
i f f e r e n t r e f r a c t o r i e s can be t e s t e d t o determine t h e wear w i t h a p a r t i c u l a r f e e d / g l a s s composition. The r e f r a c t o r i e s i n s t a l l e d f o r t h e
B&C demonstration w e r e 2 blocks of F i n d l a y Flux, 1 w a l l of Serv-30@, and 1 w a l l of Serv-50. Pouring of t h e g l a s s from t h e EV-16 m e l t e r o c c u r s t h r o u g h a molybdenum t u b e mounted through t h e c e n t e r of t h e bottom b l o c k of r e f r a c t o r y i n t h e m e l t e r .
Flow through t h e d r a i n i s c o n t r o l l e d by a water-cooled, s t e e l probe, which f i t s i n s i d e t h e d r a i n o r i f i c e t o s t o p flow. The t a r g e t p r o d u c t i o n r a t e of t h e EV-16 m e l t e r i s about 30-40 pounds of hour of g l a s s from a s l u r r y f e e d . T h i s r a t e can be i n c r e a s e d when t h e m e l t e r i s being d r y f e d .
When w e t o r s l u r r y f e e d i n g i s d e s i r e d , a s l u r r y feed p o r t i s used which e n t e r s a t t h e t o p of t h e m e l t e r , and t h e f e e d i s d i s p e r s e d over t h e m e l t e r s u r f a c e . The s l u r r y t o t h e p o r t comes from a continuous f e e d loop from a c o n s t a n t l y s t i r r e d f e e d t a n k (approximately 700 g a l l o n c a p a c i t y ) . S l u r r y from t h e loop i s p u l l e d o f f by r e g u l a t i n g back p r e s s u r e through a t e e p l a c e d i n t h e loop n e a r t h e f e e d p o r t . A p e r i s t a l t i c pump t h e n d i r e c t s t h e f e e d t o t h e m e l t e r a t a c o n s t a n t r a t e , which can be a d j u s t e d t o accommodate t h e melt and pour r a t e s of t h e melter.
J o u l e h e a t i n g i n t h e m e l t e r i s e s t a b l i s h e d by h e a t i n g t h e r e s i d u a l g l a s s w i t h a t o r c h u n t i l it i s molten. A t t h i s p o i n t , t h e f o u r molybdenum e l e c t r o d e s can be t u r n e d on and j o u l e h e a t i n g i s e s t a b l i s h e d . M e l t i n g c o n t r o l i n t h e EV-16 m e l t e r i s monitored by power consumption, t h e m e l t e r cannot be c o n t r o l l e d by o p e r a t i n g t e m p e r a t u r e . The power c o n t r o l c o n s i s t s of a Spang brand auto-tap t r a n s f o r m e r and c o n t r o l boards, which c o n t r o l t h e power i n two zones. The power set p o i n t f o r b o t h zones i s WSRC-TR-96-0200, Rev. 0 c o n t r o l l e d by one p o t e n t i o m e t e r so t h a t t h e power i n b o t h zones should be e q u a l . T y p i c a l l y , during normal m e l t e r o p e r a t i o n , t h i s i s 35 k W p e r zone o r 70 k W t o t a l .
The EV-16 melter i s connected t o a complete o f f g a s system, which i s a b l e t o c a p t u r e p a r t i c u l a t e m a t e r i a l t h a t i s e m i t t e d d u r i n g t h e v i t r i f i c a t i o n p r o c e s s . The o f f g a s s y s t e m i s d r i v e n by a p o s i t i v e -d i s p l a c
e m e n t blower which i s c a p a b l e of p u l l i n g a n e g a t i v e head p r e s s u r e e q u a l t o 1 m ( 4 0 i n ) of w a t e r ; however, under normal o p e r a t i n g c o n d i t i o n s , t h i s plenum p r e s s u r e i s lower. Offgas from t h e melter s y s t e m f i r s t p a s s e s through a v e r t i c a l 5 cm r i s e r and a c r o s s a 5 c m h o r i z o n t a l p i p e i n t o a f i l m c o o l e r . The f i l m c o o l e r causes a c o o l l a y e r of a i r t o flow along t h e w a l l . T h i s f r e e z e s l i q u i d p a r t i c l e s and a i d s i n p r e v e n t i n g t h e i r d e p o s i t i o n . T h e gases and p a r t i c u l a t e m a t t e r a r e t h e n s a t u r a t e d i n an atomizing water spray quench. Large p a r t i c u l a t e m z t t e r i s c o l l e c t e d i n t h e quench water and d e p o s i t e d i n a c o n t i n u o u s l y s t i r r e d scrubber water t a n k . The cooled g a s e s a r e t h e n p u l l e d i n t o an atomized s c r u b b e r , o p e r a t e d w i t h compressed a i r , t o i n d u c e condensate growth on p a r t i c l e s t h a t escaped t h e quench chamber and t o increase t u r b u l e n t mixing within t h e c y c l o n i c s e p a r a t o r . The mixture of g a s and w a t e r i s t h e n p u l l e d i n t o t h e c y c l o n i c s e p a r a t o r t o remove t h e l i q u i d water and heavy p a r t i c l e s . The water and t h e p a r t i c u l a t e m a t t e r n o t c a p t u r e d i n t h e atomized s c r u b b e r a r e c o l l e c t e d i n a s c r u b b e r t a n k . The gas i s t h e n passed through a c o u n t e r c u r r e n t packed scrubber tower w i t h water from t h e s c r u b b e r water t a n k being used t o s c r u b t h e o f f g a s e s . Any 
remaining g a s e s t h e n p a s s through a m i s t e l i m i n a t o r . P r i o r t o being exhausted t o t h e atmosphere, t h e moist gases flow i n t o p l a s t e r f i l t e r media, which s e r v e s a s an a d d i t i o n a l d e m i s t e r .
Before b e i n g exhausted t o t h e atmosphere, t h e o f f g a s stream p a s s e s through a p o s i t i v e displacement blower.4 A sampling p o r t i s l o c a t e d 1 m above t h e m e l t e r . 
EXPERIMENTAL

Feed Fabrication
For t h e demonstration a t t h e Center, t h e sludge s u r r o g a t e and g l a s s a d d i t i v e s were mixed a s one b a t c h of m e l t e r f e e d . The b a t c h e s w e r e made u s i n g r e a g e n t grade chemicals and I n d i a n Red P o t t e r y Clay. The t o t a l b a t c h used t o make t h e feed i s shown i n Table 4 . The t o t a l f e e d produced was approximately 4200 pounds ( 1 9 0 9 kg) on a d r y b a s i s .
P r o c e s s i n g t h i s amount of m a t e r i a l d i s p l a c e s t h r e e m e l t e r volumes a f t e r which s t e a d y s t a t e c o n d i t i o n s a r e presumed t o e x i s t . The f i r s t p o r t i o n of t h e waste t o be t r e a t e d a t ORR i n t h e TVS demonstration i s d r i e d
s l u d g e . However, t h e TVS i s only c u r r e n t l y c a p a b l e of f e e d i n g w e t f e e d s . Therefore, water was added t o t h e feed b a t c h e s a t a 4 5 weight p e r c e n t s o l i d s l o a d i n g i n o r d e r t o accomnodate t h e w e t s l u r r y f e e d i n g . T h i s r e s u l t e d i n a t o t a l f e e d weight of 9328 pounds ( 4 2 4 0 k g ) . The b a t c h m a t e r i a l s and t h e water were thoroughly mixed i n t h e m e l t e r feed t a n k b e f o r e b e i n g f e d t o t h e EV-16 m e l t e r .
The t a r g e t compositions of t h e s u r r o g a t e s l u d g e and f e e d used a t t h e Center a r e given i n Table 5 . WSRC-TR-96-0200, Rev.0
I n d i a n R e d P o t t e r y C l a y Li2CO3
Water Table 2 ) . It w a s a l s o s l i g h t l y d i f f e r e n t t h a n t h a t g i v e n i n T a b l e s 1 a n d 3 . A t t h e t i m e , t h e c o m p o s i t i o n u s e d i n Table 5 w a s f e l t t o be t h e best estimate of t h e a c t u a l w a s t e c o m p o s i t i o n . T h e o r e t i c a l l y , p r o c e s s i n g c o m p o s i t i o n i n t h e TVS w i l l be c o n t r o l l e d by t h e g l a s s c o m p o s i t i o n a n d n o t t h e s l u d g e c o m p o s i t i o n , so t h e d i s c r e p a n c i e s w i t h t h e s l u d g e c o m p o s i t i o n w e r e n o t of c o n c e r n . WSRC-TR-96-0200, Rev.0 S e v e r a l samples of t h e f a b r i c a t e d feed m a t e r i a l w e r e t a k e n d u r i n g t h e demonstration f o r a n a l y s e s and a r c h i v a l . These a n a l y s e s i n c l u d e d weight p e r c e n t s o l i d s , weight loss, pH, s p e c i f i c g r a v i t y , and f e e d c h e m i s t r y . These a n a l y s e s w e r e needed t o v e r i f y t h e r e p r e s e n t a t i v e n e s s of t h e feed, a s w e l l
The c o m p o s i t i o n u s e d t o make t h e s u r r o g a t e w a s s l i g h t l y d i f f e r e n t t h a n t h a t suggested b y B o s t i c k (
as t o calculate t h e t o t a l volume r e d u c t i o n o b t a i n e d from v i t r i f i c a t i o n .
Melter Operation
As mentioned e a r l i e r , f e e d t o t h e EV-16 m e l t e r i s c o n t r o l l e d by monitoring t h e s l u r r y flow from t h e continuous f e e d l o o p . E i t h e r b e f o r e o r d u r i n g t h e a c t u a l demonstration, an optimum flow i s determined
o determine t h e c o s t of p r o d u c t i o n of g l a s s based on t h e amount of power used.
When t h e EV-16 m e l t e r had been f e d enough of t h e s l u r r y t o p r o v i d e even cold-cap coverage and s u f f i c i e n t g l a s s b u i l d up above t h e e l e c t r o d e s , t h e d r a i n probe was unseated from t h e d r a i n t u b e t o i n i t i a t e pouring. The g l a s s was poured from t h e m e l t e r i n t o g r a p h i t e c r u c i b l e s f o r s t o r a g e . The pour rate was a l s o monitored and manually recorded d u r i n g t h e demonstration t o determine t h e p r o d u c t i o n c a p a c i t y of t h e EV-16 m e l t e r w i t h t h i s f e e d . Any problems r e l a t e d t o pouring, s u c h a s d r a i n pluggages o r slow pouring, were recorded i n notebooks s p e c i f i e d f o r t h e C e n t e r demonstration of t h e s u r r o g a t e B&C Pond sludge so an a c c u r a t e r e c o r d could be maintained and t h e TVS p e r s o n n e l could be n o t i f i e d .
The EV-16 o f f g a s s y s t e m was o p e r a t e d throughout t h e demonstration. Samples of t h e o f f g a s were taken n e a r t h e end of t h e campaign when t h e melter w a s b e l i e v e d t o be a t s t e a d y -s t a t e o p e r a t i n g 
Glass Sampling
Samples of t h e g l a s s product w e r e removed from t h e g r a p h i t e c r u c i b l e s poured d u r i n g s t e a d y -s t a t e o p e r a t i o n s . t h e SRTC f o r a n a l y s e s and c h a r a c t e r i z a t i o n . Analyses i n c l u d e d t o t a l c o n s t i t u e n t , redox, phase assemblage, t h e Product Consistency T e s t ( P C
a t i o a l s o has an e f f e c t on foaming i n t h e melter, g l a s s e x i t v i s c o s i t y , wasteform d u r a b i l i t y , and c r y s t a l l i z a t i o n i n t h e glass p r o d u c t . Phase assemblage o r d e v i t r i f i c a t i o n w a s determined u s i n g XRD a n a l y s i s . The presence of c r y s t a l s can a f f e c t g l a s s d u r a b i l i t y and can a l s o l e a d t o p r o c e s s i n g problems i f t h e y form i n t h e m e l t e r o r d r a i n s p o u t . I f any c r y s t a l l i n e s p e c i e s w e r e i d e n t i f i e d , Scanning E l e c t r o n Microscopy (SEM) w i t h Energy D i s p e r s i v e Spectroscopy could be used t o v e r i f y t h e c r y s t a l l i n e s p e c i e s d e t e c t e d .
These samples w e r e submitted t o T o t a l c o n s t i t u e n t a n a l y s e s of t h e g l a s s samples
The PCTS w a s performed t o determine t h e d u r a b i l i t y of t h e g l a s s i n a n e u t r a l t o a l k a l i n e -d r i v e n environment. I t i s t h e s t a n d a r d l e a c h t e s t f o r High Level Waste (HLW) g l a s s e s and determines t h e l e a c h r e s i s t a n c e of t h e g l a s s s t r u c t u r e . The PCT i s performed on a crushed g l a s s ( 1 4 9 -74 pm) specimen t h a t i s washed t o remove t h e f i n e s .
performed a t 90°C i n ASTM Type I water over a p e r i o d of seven days. volume of s o l u t i o n p e r m a s s of sample r a t i o of 1 0 (mL:g) i s used d u r i n g t h e s t a n d a r d t e s t p r o t o c o l . T h e r e s u l t i n g l e a c h a t e i s f i l t e r e d and t h e n analyzed t o measure t h e releases of B, S i , N a , L i , and o t h e r e l e m e n t s . T h e t e s t i s A The TCLPG, on t h e o t h e r hand, i s performed i n an a c i d i c environment and determines t h e behavior of t h e hazardous g l a s s components. T h e standard
TCLP p r o t o c o l r e q u i r e s sample specimens of < 9 . 5 mm p a r t i c l e s i z e t o be leached i n a c e t i c a c i d (pH <5.0) f o r 18+2 hours a t ambient t e m p e r a t u r e s .
The sample used i n t h i s t e s t i s crushed t o t h e a p p r o p r i a t e s i z e and t h e f i n e s a r e included w i t h t h e sample. The r e s u l t i n g l e a c h a t e i s f i l t e r e d
and analyzed f o r elemental c o n c e n t r a t i o n s , mostly t h e RCRA m e t a l s of concern.
RESULTS
Feed Analyses 1 1
WSRC-TR-96-0200, Rev.0
The chemical composition of t h e m a t e r i a l f e d t o t h e m e l t e r d u r i n g t h e
EV-16 demonstration w a s determined b y SRTC from t h r e e s e p a r a t e samples u s i n g ICP-ES and AA a n a l y s e s . One of t h e samples w a s from t h e i n i t i a l f e e d , while t h e o t h e r t w o w e r e from f e e d d u r i n g s t e a d y -s t a t e o p e r a t i o n s These samples w e r e submitted w i t h a Corning analyzed s t a n d a r d s o t h e b i a s i n t h e chemical a n a l y s e s could be determined. A n a l y t i c a l r e s u l t s based on t h e e l e m e n t a l a n a l y s e s f o r each sample of f e e d , an average e l e m e n t a l c o n c e n t r a t i o n , and a normalized oxide c o n c e n t r a t i o n are given i n Table 6 . T h e assumed v a l e n c e s t a t e of each element i s l i s t e d . 
Oxide
T h e melter f e e d composition w a s very s i m i l a r from sample t o sample. This i n d i c a t e s t h a t t h e f e e d w a s c o n s i s t e n t i n composition.
A comparison of t h e normalized oxide feed composition and t h e t a r g e t oxide f e e d composition i s given i n Table 7 , along w i t h t h e r e l a t i v e d i f f e r e n c e based on t h e t a r g e t composition. T h i s comparison shows t h a t t h e f e e d produced w a s very c l o s e t o t h e t a r g e t composition. D i f f e r e n c e s g r e a t e r t h a n 10% w e r e e x h i b i t e d f o r A l 2 O 3 , CaO, Cr2O3, MgO, MnO, N i O , and P2O5. I n g e n e r a l , incomplete mixing d u r i n g b a t c h i n g and sampling may account f o r t h e d i s c r e p a n c i e s f o r a l l of t h e o x i d e s . The d i f f e r e n c e s f o r Cr2O3, MgO, MnO, N i O , and P2O5 c a n p a r t i a l l y be a t t r i b u t e d t o t h e s m a l l amounts of t h e s e oxides p r e s e n t , while t h e A 1 2 0 3 d i f f e r e n c e may be a t t r i b u t e d t o i n c o n s i s t e n c i e s i n c l a y composition (major o x i d e s i n t h e c l a y are Fe2O3 , and S i 0 2 ) . C e , Cu, and Pb were n o t d e t e c t e d d u r i n g t h e a n a l y s e s . These m a t e r i a l s were added t o t h e f e e d , b u t WSRC-TR-96-0200, Rev.0 u n f o r t u n a t e l y t h e d e t e c t i o n l i m i t s f o r t h e a n a l y s e s w e r e g r e a t e r t h a n t h e t a r g e t v a l u e s added.
TABLE 7 -ANALYZED FEED VERSUS TARGET FEED COMPOSITION
A n a l y z e d Table 8 .
The p h y s i c a l p r o p e r t y d a t a f o r t h e f e e d i s given i n
T 
h e l o s s on d r y i n g of t h e , f e e d corresponded w e l l with t h e t a r g e t e d s o l i d s l o a d i n g .
TABLE 8 -FEED PHYSICAL PROPERTY DATA
ProPe r t v T a r g e t S o l i d s Loading
t r a c t i o n was a l s o performed on t h e f e e d samples t o determine t h e l e a c h i n g c h a r a c t e r i s t i c s b e f o r e v i t r i f i c a t i o n .
These v a l u e s were compared t o t h e RCRA, TCLP, and Universal Treatment S t a n d a r d (UTS) l i m i t s . The r e s u l t s a r e p r e s e n t e d i n Table 9 . Ba was t h e o n l y metal found above t h e a n a l y t
i c a l d e t e c t i o n l i m i t s , b u t it was s t i l l l e s s than t h e a l l o w a b l e EPA l i m i t s . Ba was n o t added a s a s u r r o g a t e m a t e r i a l , t h e r e f o r e , it m u s t have been a contaminant i n some of t h e chemicals o r i n t h e c l a y . The RCRA e l e m e n t s may not have leached because of t h e a d d i t i o n of t h e g l a s s a d d i t i v e s t o t h e f e e d . The g l a s s a d d i t i v e s may have helped b i n d t h e m e t a l s i n t h e f e e d , but a l s o probably i n c r e a s e d t h e pH which kept t h e m e t a l s o l u b i l i t y low. WSRC-TR-96-0200,
Samnle. Rev. 0
Melter Operation
The f e e d r a t e d u r i n g t h e demonstration was nominally maintained between E l e c t r i c a l parameters during m e l t i n g t h e B&C s u r r o g a t e s l u d g e were recorded throughout t h e demonstration. The range of v o l t a g e , c u r r e n t , and power r e q u i r e d p e r zone a r e l i s t e d i n Table 1 The g l a s s t e m p e r a t u r e n e a r t h e bottom of t h e m e l t e r was measured during r o u t i n e o p e r a t i o n and a f t e r hot hold a t s t e a d y -s t a t e . T h i s information was needed t o determine t h e d i f f e r e n c e i n g l a s s t e m p e r a t u r e from t h e s u r f a c e t o t h e bottom of t h e m e l t e r and a l s o t o determine how t h e temperature f l u c t u a t e s when t h e m e l t e r i s i n h o t h o l d . Both of t h e s e a s p e c t s can be v e r y important f o r determining t h e mixing b e h a v i o r of t h e m e l t e r , a s w e l l a s t h e p o t e n t i a l f o r c r y s t a l l i z a t i o n d u r i n g m e l t i n g . I t was determined t h a t t h e bottom of t h e m e l t e r could be a s much a s 4OO0C lower o v e r a hot-hold p e r i o d . Continuous p o u r i n g from t h e m e l t e r was not maintained d u r i n g t h e demonstration. When p o w i n g was performed, t h e pour r a t e from t h e m e l t e r was about 2 7 . 5 pounds ( 1 2 . 5 kg) of g l a s s p e r h o u r . N o problems w i t h d r a i n pluggage o r g l a s s e x i t v i s c o s i t y were seen d u r i n g t h e demonstration.
The
The o f f g a s system o p e r a t e d a s expected and no problems o r pluggages were encountered. Two Method 2 9 M u l t i p l e Metal Sampling T r a i n s were performed.
The samples from t h e M u l t i p l e Metals Sampling T r a i n w e r e analyzed by T r i a n g l e L a b o r a t o r i e s , I n c . f o r A l , Ca, C e , C r , Cu, Fe, K, L i , Mg, Mn, Na, N i , P, Pb, S, and T i according Table 11 . The feed r a t e s d u r i n g sampling w e r e 0 . 0 5 5 and 0 . 0 6 8 gpm, r e s p e c t i v e l y , for t r a i n # 1 and # 2 .
The f r o n t h a l f i s A l , Ca, K, Na, and S were t h e b i g g e s t c o n t r i b u t o r s t o t h e o f f g a s p o l l u t a n t s . Na had t h e h i g h e s t c o n c e n t r a t i o n f o r b o t h t r a i n s f o r p a r t i c u l a t e releases, while S was t h e h i g h e s t f o r b o t h t r a i n s f o r v o l a t i l e m e t a l s . The r a d i o a c t i v e s u r r o g a t e , C e , and t h e RCRA m e t a l s c o n c e n t r a t i o n s w e r e r e l a t i v e l y low compared t o t h e o t h e r r e l e a s e s .
Except f o r Cu and S ,
t h a n t h e m a s s of v o l a t i l e m e t a l s .
The melter system w a s v i s u a l l y i n s p e c t e d and examined f o r w e a r o r c o r r o s i o n on t h e r e f r a c t o r i e s and t h e e l e c t r o d e s . Minimal wear of t h e f l u x block r e f r a c t o r y and no wear on t h e Serv-30 and Serv-50 r e f r a c t o r y w e r e s e e n . Therefore, t h e m e l t e r w a s n o t t o r n down f o r e v a l u a t i o n .
A l s o , no w e a r of t h e e l e c t r o d e s was a p p a r e n t v i s u a l l y .
G l a s s Analyses
A t o t a l of 23 1/4 g r a p h i t e c r u c i b l e s o r 1510 pounds (686 kg) of g l a s s w e r e produced d u r i n g t h e demonstration. T h e average g l a s s d e n s i t y was measured by t h e buoyancy method and w a s determined t o be 2.6031 g/cm3.
The chemical composition of t h r e e samples t a k e n d u r i n g s t e a d y -s t a t e c o n d i t i o n s (approximately t h r e e melter volumes of f e e d d i s p l a c e d ) were determined u s i n g t h e w e t chemistry methods l i s t e d e a r l i e r . The e l e m e n t a l compositions f o r each sample, t h e average e l e m e n t a l composition, and t h e average normalized o x i d e composition a r e given i n Table 12 . A Corning analyzed s t a n d a r d w a s submitted w i t h t h e s e g l a s s e s so t h e bias could be d e t e r m i n e d . Once a q a i n , t h e v a l e n c e s t a t e o f each element i s and Pb f o r t h e g l a s s a n a l y s e s compared t o t h e feed a n a l y s e s , so a n a c c u r a t e d e t e r m i n a t i o n of t h e i r c o n c e n t r a t i o n s i n t h e g l a s s m a t r i x i s WSRC-TR-96-0200, Rev. 0 g i v e n . However, Cu was s t i l l n o t found above t h e d e t e c t i o n l i m i t , b u t it was o n l y p r e s e n t i n very small q u a n t i t i e s which would have o n l y been s l i g h t l y above t h e d e t e c t i o n l i m i t s .
T h e r e f o r e , t h e Cu c o n c e n t r a t i o n was probably a c c u r a t e .
The normalized g l a s s oxide composition was compared t o t h e normalized feed o x i d e composition and t h e t a r g e t g l a s s o x i d e composition. T h i s comparison i s shown i n Table 13 . The r e l a t i v e p e r c e n t d i f f e r e n c e i n t h e v a l u e s i s a l s o shown i n t h i s t a b l e based on t h e feed and t a r g e t compositions. T h e o r e t i c a l l y , t h e f e e d and g l a s s compositions should be roughly t h e same with minor d i f f e r e n c e s due t o v o l a t i l i t y d u r i n g v i t r i f i c a t i o n , while t h e t a r g e t g l a s s and t h e a c t u a l g l a s s should be r e l a t i v e l y c l o s e . The r e l a t i v e d i f f e r e n c e c a l c u l a t e d f o r t h e analyzed g l a s s t o analyzed f e e d composition was l e s s t h a n 10% f o r a l l of t h e major g l a s s components with t h e e x c e p t i o n of Fe2O3. Fez03 differences may be a t t r i b u t e d t o inhomogeneities i n t h e f e e d sample o r i n t h e c l a y used t o make t h e s u r r o g a t e waste. The C r 2 O 3 c o n c e n t r a t i o n i n t h e g l a s s was magnitudes g r e a t e r t h a n t h e amount found i n t h e f e e d samples. This d i f f e r e n c e may be t h e r e s u l t of r e f r a c t o r y c o r r o s i o n i n t h e m e l t e r .
Since t h e r e f r a c t o r i e s c o n t a i n e d a p p r e c i a b l e amounts of C r , it i s p o s s i b l e f o r C r t o be i n c o r p o r a t e d i n t h e g l a s s m a t r i x upon c o r r o s i o n of t h e r e f r a c t o r y . Many of t h e o x i d e s p r e s e n t i n q u a n t i t i e s I 1 w t % showed l a r g e v a r i a t i o n s , which can b e s t be a t t r i b u t e d t o t h e small q u a n t i t i e s p r e s e n t . None of t h e d i f f e r e n c e s noted should have r e s u l t e d i n any g l a s s p r o c e s s i n g o r d u r a b i l i t y problems. A comparison of t h e analyzed g l a s s v e r s u s t h e t a r g e t g l a s s i n d i c a t e s t h a t some b a t c h i n g e r r o r s may g r e a t e r t h a n 1 0 % a l s o e x i s t e d f o r t h e C e 0 2 and PbO c o n c e n t r a t i o n s , b u t t h i s d i f f e r e n c e i s probably b e s t a t t r i b u t e d t o t h e s m a l l amounts p r e s e n t and t h e s e n s i t i v e d e t e c t i o n l i m i t s of t h e a n a l y t i c a l equipment. The C r 2 O 3 c o n c e n t r a t i o n was once a g a i n magnitudes d i f f e r e n t than t a r g e t e d , which was probably t h e r e s u l t of t h e r e f r a c t o r y c o r r o s i o n mentioned above. O v e r a l l , t h e v a l u e s found f o r t h e analyzed g l a s s were n o t s i g n i f i c a n t l y d i f f e r e n t t h a n t h e t a r g e t g l a s s composition.
The Fe2+/Fe3+ r a t i o s f o r t h r e e samples of t h e g l a s s f a b r i c a t e d d u r i n g s t e a d y s t a t e w e r e 0 . 2 0 2 , 0.248, and 0.243. A l l of t h e s e a r e a l i t t l e h i g h e r t h a n l i m i t s e s t a b l i s h e d a t SRTC f o r joule-heated m e l t e r s . 7 r e s u l t s i n d i c a t e t h a t t h e m e l t c o n d i t i o n s were s l i g h t l y reducing. I n some i n s t a n c e s , a reduced g l a s s can have poorer d u r a b i l i t y because of t h e tendency f o r Fe2+ t o a c t more l i k e a network modifier t h a n a former.
This w i l l be d i s c u s s e d when t h e normalized PCT r e s u l t s a r e d i s c u s s e d . N o o t h e r problems a t t r i b u t e d t o redox s t a t e of t h e g l a s s , s u c h a s foaming, c r y s t a l l i z a t i o n , o r p r e c i p i t a t i o n of metals, were observed. These V i s u a l examination of t h e r e s u l t i n g g l a s s i n d i c a t e d t h a t t h e g l a s s appeared amorphous. The g l a s s was dark green with no v i s i b l e s i g n s of c r y s t a l l i n i t y . XRD a n a l y s i s of two d i f f e r e n t g l a s s samples confirmed t h a t t h e g l a s s e s were amorphous. SEM was not performed s i n c e c r y s t a l s were n o t d e t e c t e d .
The PCT was performed on two samples of g l a s s produced d u r i n g steadys t a t e c o n d i t i o n s t o determine t h e d u r a b i l i t y . procedure was performed and t h e t r i p l i c a t e r e s u l t s were averaged. These r e s u l t s were normalized f o r t h e g l a s s elemental c o n t e n t and compared. S i n c e no acceptance c r i t e r i a have been e s t a b l i s h e d f o r LLMW, t h e d u r a b i l i t i e s of t h e g l a s s e s produced w e r e compared a g a i n s t t h e HLW c r i t e r i a which s t a t e s t h a t t h e g l a s s produced m u s t be more d u r a b l e than t h e Defense Waste P r o c e s s i n g F a c i l i t y (DWPF) Environmental Assessment (EA) g l a s s 8 . c o n t a i n e d i n Table 15 .
The s t a n d a r d PCT5
The normalized PCT r e s u l t s and t h e EA g l a s s v a l u e s a r e 
11.91
A s can be seen from t h e r e s u l t s given i n Table 15 , t h e normalized r e l e a s e s f o r B, S i , Na, and L i f o r t h e two g l a s s e s were s u b s t a n t i a l l y l e s s t h a n t h e EA g l a s s . The r e s u l t s f o r t h e two g l a s s e s were very s i m i l a r , which i n d i c a t e s homogeneity w i t h i n t h e g l a s s . Although not l i s t e d i n t h e t a b l e , t h e RCRA m e t a l s and C e were not d e t e c t e d i n t h e l e a c h a t e s . I t appears t h a t t h e s l i g h t l y reducing c o n d i t i o n s i n t h e m e l t e r d i d not a f f e c t t h e d u r a b i l i t y of t h e g l a s s produced.
The TCLP6 was a l s o performed t o determine t h e l e a c h i n g behavior of t h e RCRA metals. A TCLP e x t r a c t i o n u s i n g t h e s t a n d a r d EPA p r o t o c o l was The TCLP r e s u l t s i n d i c a t e d t h a t no RCRA m e t a l s leached from t h e g l a s s above t h e given a n a l y t i c a l d e t e c t i o n l i m i t s .
Ba l e a c h i n g was much lower f o r t h e v i t r i f i e d wasteform, <0.050 mg/L, than it was f o r t h e p r et r e a t e d f e e d , 0.825 -1 . 0 0 9 mg/L.
The g l a s s e s e a s i l y met t h e RCRA, TCLP, and UTS l i m i t s .
This i n f o r m a t i o n w i l l h e l p d e l i s t t h e wasteform because it would no l o n g e r be c o n s i d e r e d hazardous.
CONCLUSIONS
The v i t r i f i c a t i o n demonstration i n t h e EV-16 m e l t e r system l o c a t e d a t t h e DOE/Industrial C e n t e r f o r V i t r i f i c a t i o n Research a t Clemson U n i v e r s i t y has shown t h a t v i t r i f i c a t i o n of s u r r o g a t e ORR K-25 B&C Pond sludge i s v i a b l e . A t o t a l of 9328 pounds ( 4 2 4 0 kg) of wet f e e d were processed d u r i n g t h e demonstration w i t h a t o t a l g l a s s production of 1510 pounds (686 k g ) . T h i s r e s u l t e d i n a 90% volume r e d u c t i o n based on a 50 w t % waste l o a d i n g . Production of t h e g l a s s r e q u i r e d 3.375 kWh/pound ( 7 . 4 3 kWh/kg), w i t h a power consumption c o s t of approximately 25 cents/pound (56 c e n t s / k g ) .
The f e e d composition used was 50 w t % s u r r o g a t e B&C pond sludge, 35 w t % S i 0 2 , 7 . 5 w t % L i 2 0 , and 7 . 5 w t % Na20. Processing of t h i s f e e d d i d not r e s u l t i n any s i g n i f i c a n t problems d u r i n g t h e EV-16 demonstration. The r e s u l t i n g g l a s s product was a homogeneous g l a s s , which was c a p a b l e of p a s s i n g both PCT and TCLP c r i t e r i a .
The h i g h e s t c o n c e n t r a t i o n of p a r t i c u l a t e o f f g a s contaminants d e t e c t e d were Na, A l , Ca, L i , and S, with Na having t h e h i g h e s t c o n c e n t r a t i o n . For t h e v o l a t i l e m e t a l s c h a r a c t e r i z a t i o n i n t h e o f f g a s system, S had t h e h i g h e s t c o n c e n t r a t i o n . C e and t h e RCRA element c o n c e n t r a t i o n s were r e l a t i v e l y small compared t o t h e p a r t i c u l a t e r e l e a s e s of t h e major g l a s s components, w i t h t h e C e and RCRA element p a r t i c u l a t e c o n c e n t r a t i o n s being magnitudes g r e a t e r t h a n t h e r e s p e c t i v e v o l a t i l e metal c o n c e n t r a t i o n s .
N o p o t e n t i a l p r o c e s s i n g problems w e r e i d e n t i f i e d t h a t would a f f e c t t h e a b i l i t y of t h e TVS t o s u c c e s s f u l l y complete i t s s u r r o g a t e demonstrations.
